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This work studies the effect of the growth temperature on the morphology and emission 
characteristics of self-assembled InGaN nanocolumns grown by plasma assisted molecular beam 
epitaxy. Morphology changes are assessed by scanning electron microscopy, while emission is 
measured by photoluminescence. Within the growth temperature range of 750 to 650 °C, an increase 
in In incorporation for decreasing temperature is observed. This effect allows tailoring the InGaN 
nanocolumns emission line shape by using temperature gradients during growth. Depending on the 
gradient rate, span, and sign, broad emission line shapes are obtained, covering the yellow to green 
range, even yielding white emission. ©2011 American Institute of Physics, [doi: 10.1063/1.3644986] 
Group Ill-nitride semiconductors are very appealing for 
applications in optoelectronic devices, in particular, InGaN 
alloys for light emitters working in the whole visible spectral 
region.1 3 So far studies focused mainly on InGaN quantum 
well (QW) structures, though their performance is limited 
by: (1) the quantum confined stark effect (QCSE) and (2) the 
high defect density. On the other hand, one-dimensional 
structures such as nanocolumns (NCs) grow dislocation- and 
strain-free on different substrates.4 8 InGaN quantum disk 
(QDisk) structures placed within NCs yield a strong light 
emission enhancement as compared to QWs due to reduced 
strain and internal electric fields.913 In this work, self-
assembled InGaN NCs have been fabricated by plasma-
assisted molecular-beam epitaxy (PAMBE) at different sam-
ple temperatures to study the In incorporation. Next, the opti-
cal emission line-shape from the InGaN NCs has been 
tailored by means of a temperature gradient aiming to 
achieve broad emission (white). 
All samples were grown on S i ( l l l ) . The molecular 
fluxes (<5Ga, $!„, <5N) were calibrated in (0001) GaN and 
(0001) InN growth rate units (nm/min).14 In order to study 
the effect of the growth temperature, a first series (A) of 
InGaN NCs were grown following a two-step method: (1) 
l h growth of GaN NCs at 800 °C, with d>Ga = 4.3 nm/min 
and < J ) N = 14 nm/min, and (2) 1 h growth of InGaN NCs on 
top of the GaN NCs, at different fixed temperatures (650 °C. 
675 °C, 700 °C, 725 °C, and 750 °C), keeping the same previ-
ous <I>Ga, <I>N values and i v = <J>Ga- A second series (B) of 
samples were grown under the same conditions for the GaN 
part as in series A, but using a temperature gradient during 
the InGaN growth. A reference GaN NCs sample was grown 
for 2 h (same conditions as for the GaN part in series A and 
B) in order to estimate any effect of the InGaN growth on 
the NC morphology. 
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Figure 1 shows the cross-sectional scanning electron 
microscope (SEM) pictures of the reference GaN sample 
(Figure 1(a)) and two InGaN/GaN NCs samples (Figures 
1(b) and 1(c)) with the InGaN NC part grown at 700 °C and 
650 °C, respectively (series A). Without considering the 
nucleation time, the GaN NCs reference sample (Figure 
1(a)) shows a growth rate of about 10 nm/min. It has been 
shown previously that the growth rate of GaN NCs is limited 
by the Ga-flux.15 For a Ga-flux of 4.3 nm/min and consider-
ing the strong GaN decomposition and Ga desorption rates at 
800 °C,14 '16 we assume that the diffusion of Ga-ad-atoms 
upon the NCs sidewalk is the main Ga source for the GaN 
NCs growth.17 For InGaN NCs grown at 700 °C (Figure 
1(b)) (notice that the first GaN part is always grown at 
800 °C). a decrease in total NC height (around 1.0 versus 
1.2 fim) and an increase in diameter at the top region of the 
FIG. 1. SEM pictures of (a) GaN NCs reference sample (grown at 800°C); 
(b) and (c) are selected InGaN/GaN NCs samples of series A with InGaN 
grown at 700 °C and 650 °C, respectively. 
NC (around lOOnm versus 50 nm) can be observed, as com-
pared with the reference GaN sample (Figure 1(a)). Since the 
total height of the reference sample is 1.2/im for 2h growth, 
the height of the InGaN part in the InGaN/GaN NCs (1 
+ 1 h) can be directly estimated and the InGaN growth rate 
is also determined for each growth temperature. These values 
are plotted in Figure 2 indicating an initial decrease in the 
InGaN growth rate when lowering the growth temperature 
from 750 to 700 °C and a partial recovery for temperatures 
below 700 °C. The total metal flux used for the InGaN NC 
part: <I>Ga + í>in (being <I>Ga the same used in the reference 
GaN sample) should be close to <I>Ga in the temperature range 
from 750 to 700 °C because of the very strong In desorp-
tion. Thus, the reduction of the Ga-adatoms diffusion 
length from 750 to 700 °C (less atoms reach the NCs top) 
may account for the observed reduction of the growth rate. 
For temperatures below 700 °C, a reduced In desorption may 
account for the partial recovery of the growth rate, as shown 
in Figure 2. The NC diameter is observed to start increasing 
below the nominal GaN/InGaN NC interface, gradually wid-
ening up to the top (Figure 1(b)). Cathodoluminescence data 
(not shown) reveals that emissions related to InGaN arise 
only from the material located above this interface, which 
points to Ga ad-atoms being responsible for the diameter 
change below it. Indeed, a lower growth temperature would 
increase the residence time of climbing Ga ad-atoms along 
the NC sidewalls, thus, enhancing their probability to incor-
porate on the sides before desorbing or getting to the NC 
top.17 Notice that above the GaN/InGaN NC interface both 
In and Ga will contribute to the lateral growth. This diameter 
increase may also add to reduce the vertical growth rate and, 
thus, the overall NC height. At 650 °C (Fig. 1(c)) and below 
it, the diameter increase may lead to NCs coalescence. 
Photoluminescence (PL) spectra taken at low tempera-
ture reveal very sharp peaks in the ultraviolet (UV) region 
(not shown) related to the GaN NCs part, which is a proof of 
its high material quality. From PL data, Figure 2 shows the 
In incorporation dependence on the growth temperature. At 
750 °C, the InGaN emission is barely seen, pointing to an 
almost negligible In incorporation. For lower temperatures, 
the In content can be estimated from the InGaN PL peak 
energy position according to Wu et al., being — 15% at 
725 °C, -22% at 700 °C, and 33% at 650 °C. Vertical bars in 
Figure 2 refer to the PL peak full width at half maximum 
(FWHM) values. The broadening of the PL line width for 
higher In-contents is expected from increasing alloy disorder 
and does not necessarily imply crystal quality degradation. 
In the first two samples of series B, the InGaN part was 
grown using temperature gradients from 650 °C to 750 °C at 
a constant rate of±2°C/min (± stands for increasing or 
decreasing temperatures). As a result, a graded In composi-
tion and broad PL emission are expected. Figure 3 shows 
normalized low temperature PL spectra of these two graded 
InGaN NCs. The change in the direction of the temperature 
gradient (positive or negative) does not significantly modify 
the emission broadening (FWHM of 0.5 eV and 0.55 eV), but 
it strongly affects the spectral range covered, since the peak 
emission shifts from 2.59 eV to 2.16eV. This difference can 
be explained by thermal decomposition of InGaN during 
growth. When applying a positive gradient (from 650 °C to 
750 °C), the high In-content part (lower T) which is grown 
first will tend to decompose as the temperature rises. Then, 
most of the PL emission arises from the average- and low-
in-content parts (blue-like). However, when applying a nega-
tive gradient (from 750 °C to 650 °C), the high In-content 
part is grown at the end, so that the thermal decomposition 
of this region is much less severe. As a consequence, the low 
energy emission (green-like) is enhanced. The relative low 
intensity of the blue emission in this case may be due to car-
rier diffusion towards the high-In content region that has a 
lower bandgap. In both cases, white light is generated at low 
temperature. At room temperature (RT), the overall PL in-
tensity significantly drops and the blue part in both spectra 
quenches much faster than the green one. This last effect is 
most probably related again to enhanced carrier diffusion by 
thermal escape from low In-content regions to high In-
content ones. Both samples emit in the green region at RT. 
In order to further enhance the blue emission, a third sample 
was grown using a two-step temperature gradient, namely, a 
first step from 750 °C to 700 °C at a rate of -1.3 °C/min and 
a second step from 700 °C to 650 °C at a rate of -4.1 °C/ 
min. The aim was to shorten the time the sample was sub-
jected to low temperature, thus reducing the high In-content 
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FIG. 2. (Color online) Low temperature PL peaks and FWHM of InGaN/ 
GaN NCs grown at different temperatures (squares). Circles show growth 
rate dependence on temperature of the InGaN NCs part. 
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FIG. 3. (Color online) Normalized low temperature (11 K) PL spectra of 
InGaN/GaN NCs grown with a temperature gradient at a constant rate of 
2°C/min from 650°C to 750°C (solid line) and from 750°C to 650°C 
(dashed line). 
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FIG. 4. (Color online) Low and room temperature PL spectra of InGaN/ 
GaN NCs grown with a two-step temperature gradient. White emission at 
low temperature and green-whitish emission at RT were observed (inset). 
part and enhancing the low In-content part. Figure 4 shows 
the PL spectra (low and RT) of this sample, where a signifi-
cant enhancement of the blue emission is observed at UK. 
A significant quenching of the blue emission is observed at 
RT, though lower than that measured in samples with one 
step gradient. The reason most likely is the one already men-
tioned, since the same physical mechanisms must be present 
in all samples. Emission at RT is green-whitish. 
In summary, self-assembled InGaN/GaN NCs were suc-
cessfully grown by PAMBE on Si(lll). The effects of the 
growth temperature on the NCs morphology have been 
described in terms of metal atoms diffusivity along the NCs 
sidewalk, in agreement with the model reported in Ref. 17. 
Indium incorporation strongly depends on the growth temper-
ature reaching up to 33% at 650 °C. Temperature gradients 
(single and two-step) provide a simple tool to tailor the emis-
sion line shape broadening. White emission at low tempera-
ture and green-whitish emission at RT were achieved. 
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